Abstract: Transposable elements contribute significantly to plant genome evolution in myriad ways, ranging from local insertional mutations to global effects exerted on genome size through accumulation. Differential accumulation and deletion of transposable elements may profoundly affect genome size, even among members of the same genus. One example is that of Gossypium (cotton), where much of the 3-fold genome size variation is due to differential accumulation of one gypsy-like LTR retrotransposon, Gorge3. Copia and non-LTR LINE retrotransposons are also major components of the Gossypium genome, but unlike Gorge3, their extant copy numbers do not correlate with genome size. In the present study, we describe the nature and timing of transposition for copia and LINE retrotransposons in Gossypium. Our findings indicate that copia retrotransposons have been active in each lineage since divergence from a common ancestor, and that they have proliferated in a punctuated manner. However, the evolutionary history of LINEs contrasts markedly with that of the copia retrotransposons. Although LINEs have also been active in each lineage, they have accumulated in a stochastically regular manner, and phylogenetic analysis suggests that extant LINE populations in Gossypium are dominated by ancient insertions. Interestingly, the magnitude of transpositional bursts in each lineage corresponds directly with extant estimated copy number.
Introduction
Transposable elements (TEs) are extraordinarily diverse and prominent components of plant genomes. Originally thought to be ''junk'' or ''selfish'' DNA (Doolittle and Sapienza 1980; Orgel and Crick 1980) , TEs are now recognized to play an important role in genome evolution via disruptive insertions and TE-induced gene duplication Hoen et al. 2006; Jiang et al. 2004; Lai et al. 2005; Morgante et al. 2005; Wang et al. 2006; Zabala and Vodkin 2005; Zhang et al. 2005) , effects on gene expression (Hori et al. 2007 ; Lerat and Semon 2007; Yan et al. 2006) , transposon-mediated chromosomal rearrangements (Gray 2000; Zhang and Peterson 1999) , and their pronounced effects on genome size (Hawkins et al. 2006; Hill et al. 2005; Holligan et al. 2006; Neumann et al. 2006; Piegu et al. 2006; SanMiguel and Bennetzen 1998; SanMiguel et al. 1996) . TEs, particularly LTR retrotransposons, may massively amplify and achieve extraordinarily high copy number within plant genomes over short periods of time. Over the past decade, it has become evident that most genome size variation in plants is due to the dynamic activity of LTR retrotransposons, in terms of differential rates of transposition (Hawkins et al. 2006; Piegu et al. 2006; SanMiguel and Bennetzen 1998) and variation in deletion rates through illegitimate recombination (Devos et al. 2002; Kirik et al. 2000; Ma et al. 2004 ) and intra-strand homologous recombination (Devos et al. 2002; Shirasu et al. 2000) .
Consistent with the aforementioned studies, data from cotton (Gossypium spp.) indicate that LTR retrotransposons constitute a major fraction of all diploid species, regardless of total genome size (Hawkins et al. 2006 ). Analysis of genomic survey sequences from 3 Gossypium species whose genome sizes range approximately 3-fold suggests that most genome size variation among diploid members of the genus is due to differential accumulation of LTR retrotransposons and that different sequence types have proliferated in different genomes. Further analysis of the highly abundant gypsylike retrotransposon family Gorge3 showed that recent lineage-specific amplification has occurred in each of the species studied, although to various magnitudes and at different time points in each of their evolutionary histories (J.S. Hawkins et al., unpublished data) . Gorge3 proliferation was shown to occur in a punctuated manner in each of the genomes. However, as that study evaluated only the Gorge3 family of LTR retrotransposons, it is presently unknown whether the results are applicable globally or whether they are specific to this particular sequence type.
To address this question, we investigate the evolutionary dynamics of the copia LTR retrotransposon and non-LTR LINE retrotransposons in Gossypium. Through PCR amplification of a portion of the reverse transcriptase domain from 3 representative diploid Gossypium species that range 3-fold in genome size and 1 phylogenetic outgroup, Gossypioides kirkii ( Fig. 1) , we evaluate the pace and tempo of transposition for each sequence type in each lineage. Results indicate that LTR retrotransposons accumulated in a punctuated manner at different times in different lineages. In contrast, LINEs appear to have experienced a low level of stochastically regular amplification with a few instances of elevated activity. We further show that the magnitude of transpositional bursts corresponds with previously estimated copy numbers for each of the sequence types.
Methods
Plant materials, DNA extraction, and phylogenetic analysis Total genomic DNA was extracted from the A-genome species G. herbaceum (JMS; 1C = 1667 Mb), the D-genome species G. raimondii (JFW; 1C = 880 Mb), the K-genome species G. exiguum (Gos 5184; 1C = 2460 Mb), and the phylogenetic outgroup Gossypioides kirkii (JMS stock; 1C = 588 Mb), using young leaves and the DNeasy Plant Mini Kit (QIAGEN Inc., Valencia, California). Degenerate copia primers were designed by hand from aligned Gossypium copia genomic survey sequences (Hawkins et al. 2006 ) and subsequently tested to ensure amplification of the appropriate (Seelanan et al. 1997; Small et al. 1998 Small et al. , 1999 . Gossypium diverged from a common ancestor approximately 10-12 million years ago (mya) and experienced rapid radiation 5-7 mya Wendel and Cronn 2002) . Genome sizes were reported by Hendrix and Stewart (2005). sequence type with an acceptable range of sequence diversity. LINE primers were those described in Alix and Heslop-Harrison (2004) . Primer sequences are as follows: copia Reverse, 5'-TGNTCCCAAATCTTTNATCTC-3'; copia Forward, 5'-GCNATGNANGANGAGATGGA-3'; LINE Forward, 5'-RVNRANTTYCGNCCNATHAG-3'; and LINE Reverse, 5'-GACARRGGRTCCCCCTGNCK-3'. The PCR reaction conditions were 94 8C for 3 min followed by 30 cycles of 94 8C for 1 min, 48 8C (copia) or 45 8C (LINE) for 2 min, and 72 8C for 1 min, ending with a final elongation step of 72 8C for 6 min. PCR products were purified, cloned using the pGEM 1 -T Easy Vector System (Promega, Wisconsin). Clones were sequenced using the T7 primer and BigDye 1 Terminator v3.2 Cycle Sequencing Kit (Applied Biosystems, California) at the Iowa State University DNA sequencing facility. Sequence data have been submitted to GenBank under accession Nos. EU102748-EU103609.
To confirm their identity, PCR sequences were queried using blastx to an Arabidopsis copia and LINE database provided by S. Wessler and F. Zhang (University of Georgia) and using tblastx to an in-house Gossypium database composed of previously identified genomic survey sequences. Confirmed sequences were aligned using MUSCLE (Edgar 2004 ) and were subsequently manually inspected. Neighbor-joining analyses were performed on the aligned sequences using PAUP* (Swofford 2003) . Distances were set to the uncorrected (''p'') DNA/RNA distances and missing data were ignored for affected pair-wise comparisons.
Timing of lineage-specific transposition events
Based on evidence for orthologous A-and D-genome TEs in Gossypium, monophyletic TE clades sharing greater than 90% sequence identity are considered to be ''lineagespecific'' (Grover et al. 2007 ). Phrased alternatively, TEs with 90% or greater similarity are inferred to be related by duplication (transposition) events that occurred after divergence of the A-genome and D-genome lineages of plants (Fig. 1) . Based on sequences from 48 nuclear genes, the genetic distance between Gossypium and the outgroup Gossypioides kirkii is approximately twice that of the A-D divergence (Senchina et al. 2003) , which represents the basal-most split in the evolutionary history of Gossypium (estimated at 10 to 12 million years ago (mya); . Accordingly, TE lineages in Gossypium that shared an average of 80% sequence identity were considered to be Gossypium-specific. All other more divergent sequences were considered to have originated before the origin of the genus. To identify the lineagespecific PCR sequences, we constructed midpoint-rooted neighbor-joining trees based on pair-wise distances generated using Felsenstein's 84 model. Pair-wise nucleotide diversity at each node was calculated, and the daughter sequences of all nodes with <0.1 average pair-wise divergence were extracted. Pair-wise nucleotide diversity () was calculated among all daughter sequences of each lineage-specific node, and density functions were plotted for the frequency of nucleotide divergences. Statistical analysis was performed in R (R Development Core Team 2005) with the base package, and with the phylogenetics package APE (Paradis et al. 2004 ).
Results

Copia evolution in Gossypium PCR amplification and neighbor-joining analysis
A total of 563 (A = 143, D = 148, K = 129, G. kirkii = 143) copia reverse transcriptase (RT) sequences of approximately 600 bp in length were PCR amplified, aligned, and subjected to neighbor-joining analysis. The resulting phylogram ( Fig. 2A) contained distinct, species-specific clusters of sequences for each genome in addition to several basal clades containing sequences from various, primarily cotton, genomes. There was high bootstrap support for the G. kirkii-specific clade (BS = 83) and the large Gossypiumspecific clade (BS = 82). Additionally, one divergent group of D-genome copia sequences clustered distantly from the other RT sequences and contained 100% bootstrap support. Inspection of sequences belonging to this clade revealed a single synapomorphic amino acid deletion.
Pace and timing of transposition
To evaluate the lineage-specific transpositional nature and timing of copia retrotransposition in each genome, we employed a cotton-specific TE molecular clock estimated from orthologous TEs in Gossypium (Grover et al. 2007) . We calculated among all pair-wise comparisons of ''lineagespecific'' PCR sequences and translated the sequence identity between copia paralogs into an estimated transposition date (Fig. 3B ). Only monophyletic lineages in which members shared an average of 90% identity or greater across unambiguously aligned sequence at the node representing the most recent common ancestor were considered lineagespecific clades. Similar to our previous findings for the gypsy retrotransposon family Gorge3 (Fig. 3A) , copia retrotransposons proliferate in a mostly episodic fashion, that is, in temporally compressed periods at various points in the history of the plant lineages (Fig. 3B) . A burst of copia transposition occurred approximately 4 mya in G. kirkii and in the largest Gossypium genome (K), after which time there appears to have been little copia activity. In contrast, D-genome copias appear to have amplified recently (within the last 1 million years), but also rather continuously over the last 4-5 million years, as judged from the broad, flat peak extending from about 0.02 to 0.09 sequence diversity. Pair-wise comparisons among A-genome, lineage-specific clusters peak at approximately 2-3 mya, but as with the D genome, there appears to have been a lower level of copia activity since the origin of this lineage throughout most of its history. Interestingly, the transpositional timing for the D-and A-genome copias is similar to that found for Gorge3 (Fig. 3A) , although the magnitude of the transpositional bursts as measured by peak height (pair-wise density) varies among sequence types.
LINE evolution in Gossypium PCR amplification and neighbor-joining analysis
Degenerate primers amplified a 380 bp region of the LINE reverse transcriptase domain. A total of 299 (A = 66, D = 66, K = 101, and G. kirkii = 66) LINE RT sequences from the A, D, K, and G. kirkii genomes were aligned and subjected to neighbor-joining analysis (Fig. 2B ). In contrast with the copia and Gorge3 phylogenies, LINE RTs clustered into what appears to be 3 major clades, each containing sequences from each of the 4 species studied. Two of the 3 clades contained bootstrap support of 100%, while the third large clade contained several internally supported groups. Branch lengths ranged from very long to small short terminal clusters, regardless of the genome from which they originated. Several small species-specific clusters for each genome are evident in all 3 major clades.
Pace and timing of transposition
The temporal profile of LINE transpositional events among lineage-specific sequences suggests, in contrast to that for LTR retrotransposons, stochastically regular transposition in all genomes, with a few punctuated periods of proliferation since divergence from a common ancestor (Fig. 3C ). All genomes seem to have experienced recent transposition of LINEs and, unlike those of the LTR retrotransposons, the peak heights are mostly uniform among taxa, with the exception of some recent elevated activity in the A genome.
Discussion
Most of the genomic components responsible for the extraordinary genome size variation in plants are now clear, and the once apparently contradictory ''C-value paradox'' has graduated to the now perplexing ''C-value enigma'' (Gregory 2002 (Gregory , 2004 . The significant impact of TE proliferation on genome size growth has been thoroughly documented, particularly with respect to large-scale sequencing projects in the grasses and a few model dicots. Recent, massive genomic bombardment by transposons has doubled the Oryza australiensis (Piegu et al. 2006 ) and maize (Meyers et al. 2001; SanMiguel and Bennetzen 1998; SanMiguel et al. 1996) genomes over only a few million years, and fewer than half of the TEs in the small genome of O. sativa originated before its origin, less than 680 000 years ago (Gao et al. 2004 ). Indeed, lineage-specific transposition has been observed in every plant genome investigated to date. Additionally, a recent investigation of copia evolution among Triticeae, rice, and Arabidopsis demonstrated that while large-genome taxa experience longer periods of transpositional activity, smaller genomes tend to purge these sequences at significantly faster rates (Wicker and Keller 2007) . However, relatively little information exists with respect to the evolutionary dynamics of retrotransposon proliferation and removal among closely related genomes over short evolutionary time scales.
We show here that analysis of TE sequences within a phylogenetic framework yields novel temporal insights into patterns of transpositional activity for all major classes of retrotransposons. With this study and our analysis of the gypsy LTR retrotransposon family Gorge3 (J.S. Hawkins et al., unpublished data), we have characterized the lineagespecific pace and timing of retrotransposon evolution among diploid members of Gossypium. These studies show that there has been recent, lineage-specific LTR retrotransposon activity, and that retroelements have proliferated in a punctuated fashion in all species studied, but in an idiosyncratic, lineage-specific fashion. Interestingly, bursts of copia and Gorge3 amplification within the A and D genomes appear to have occurred at both similar and different time points during each species' evolutionary history. For example, the A genome experienced a burst of both copia and Gorge3 activity approximately 2-3 mya, suggesting concurrent release from suppression for these two sequence types. However, although a burst of Gorge3 and copia activity occurred in the D genome once within the last 1 million years, copia sequences persistently amplified over the previous 4 million years, while Gorge3 was apparently inactive (Fig. 3B) .
The pattern that emerges is one where there is transposition of different sequence types in each plant lineage, at different time points in each respective evolutionary history, and to varying levels of proliferation. The underlying causes behind punctuated proliferation are unclear, but it is com- monly thought that bursts of transposition occur because of some form of biotic or abiotic stress, as organisms capable of genetic diversification under stress conditions are more likely to survive and reproduce (Wessler 1996) . Hybridization has also been shown to induce TE amplification and proliferation (Liu and Wendel 2000; Ungerer et al. 2006) and, given that interspecific gene flow via hybridization is common in Gossypium , may provide an explanation for the observed bursts of LTR retrotransposon activity.
The transpositional history of non-LTR LINEs contrasts remarkably with that of the LTR retrotransposons. LINEs appear to have experienced stochastically regular accumulation in each lineage, with a few peaks representing points of increased activity. No apparent periods of transpositional inactivity were evident. This suggests that LINEs propagate regularly over long evolutionary time periods in Gossypium, albeit at low levels, consistent with earlier results that showed relatively low copy numbers (Hawkins et al. 2006) . In this respect, it is of interest to note that LINEs are more highly expressed in the Gossypium EST libraries than would be expected based on their estimated copy number (J.S. Hawkins, personal observation).
An interesting observation is the correspondence between the apparent magnitude of the transposition, as measured by peak height (density function), and estimated copy number from the whole-genome shotgun sequencing surveys (Hawkins et al. 2006) . Gorge3 copy numbers were found to be greatest in the two largest Gossypium genomes (A = 48181 ± 9257 and K = 88492 ± 12904), but very low and not significantly different from one another in the D genome (8674 ± 3683) and the outgroup G. kirkii (5502 ± 3305). Consistent with this observation, the magnitude of lineage-specific transposition is greatest in the A and K genomes, with little activity in the smaller genomes (Fig. 3A) . Peak heights associated with the magnitudes of transpositional bursts of copia sequences exhibit a similar correspondence with previously estimated copy numbers ( Fig. 3B) : copia copy numbers were found to be highest in the largest and smallest Gossypium genomes (D = 57956 ± 9300 and K = 67700 ± 11324), slightly lower in the A genome (43181 ± 8774), and lowest in the outgroup (17006 ± 5765), while LINE copy numbers were greatest in the A (30000 ± 7335) and K (27563 ± 7271) genomes and slightly lower in the D (13011 ± 4503) and G. kirkii (16006 ± 5597) genomes. This correspondence was also reported for the rice species Oryza australiensis (Piegu et al. 2006) .
Of particular relevance to the present work is the example of gypsy and LINE evolution in 3 diploid members of Vicia that vary in genome size (Hill et al. 2005) . Combining their results with previous work describing copia retrotransposons in Vicia, the authors concluded that LTR retrotransposons experienced recent proliferation, as demonstrated by low levels of sequence diversity among PCR-amplified paralogs, but that LINEs were highly heterogeneous, indicating that LINE populations were dominated by ancient insertions. Additionally, copia copy number in Vicia is not correlated with genome size (Pearce et al. 1996) , similar to our results in cotton. These similarities between Gossypium and Vicia with respect to retrotransposon evolution are remarkable, and suggest that there may be a degree of generality to our conclusions. The mirror images in two separate, phylogenetically distant plant groups suggest that TE life-history traits, such as intragenomic location and insertional target site preference, may play important roles with respect to the evolutionary pace of transposition and ability to accumulate.
Comparative studies such as this provide the underlying framework for understanding why some TEs are more successful than others and why some genomes are more permissive of TE proliferation than others. Given the rapid and recent nature of TE proliferation observed in various angiosperm systems, comparisons among closely related, recently diverged taxa are likely to provide the most precise information with respect to global patterns of TE evolution.
